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LGP2 




Reovirus 

EMCV 
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Influenza A 

Rhinovirus 
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VSV 

HIV 

CVB 

Influenza 
HTLV-1 



RIG 



5ppp-RNA 




dsRNA 



MCMV 
HSV-1 
HSV-2 
EBV 



Sendai virus 

NDV 

RSV 

Measles virus 
Influenza A & B 
VSV 

Rabies virus 
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HCV 

Eboia virus 
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Table 1. Characteristics of cytosolic DNA sensors triggering type I IFN induction. 



DNA sensor 


Pathogens sensed 


Ligands tested 


Celi type 


Signalling molecules 
involved 


DAI 


HCMV, HSV-1, 
Streptococcus 
pneumoniae 


AT-rich B-DNA, 

virai, bacterial, mammalian gDNA 
500 bp >> 100 bp > 75 bp 


L929 


TBK1, IRF3, RIP1, RIP3, 
NF-kB 


RNA poi III 


Leg. pneumophila, 
Adenovirus, EBV, 
HSV-1? 


AT-rich B-DNA, EBERs 


HEK293, HeLa, MEF, 
mBMDM, RAW264.7, 
human monocytes, 
L929, Mutu III 


RIG-I, MAVS, TBK1, 
DDX3, IRF3 


LRRFIP1 


L. monocytogenes, 
VSV 


dsDNA, dsRNA 
AT-rich B-DNA, 
GC-rich Z-DNA 


murine 1° PIVI, RAW264.7 


p-catenin, p300, IRF3 


DHX9 


HSV 


CpG-A 


human pDCs 


MyD88, 
NF-kB (p50) 


DHX36 


HSV 


CpG-B 


human pDCs 


MyD88, 
IRF7 


IFI16/p204 


HSV-1 


dsDNA 

Sequence-independent 
70 bp » 50 bp 


THP1, RAW264.7, MEF, 
HeLa, BMDM 


STING, TBK1, IRF3, 
NF-kB 


Ku70 


HSV-2G 


dsDNA, ssDNA, 
sequence-independent 
500 bp >> 50 bp 


HEK293, human MDM, 
murine spleen cells 


IRF1, IRF7 IFNX1 



PIVI, peritoneal macrophage; MDM, monocyte-derived macrophage. 



Transcriptional induction of 
pro-inflammatory genes 



FIGURE 1. DNA in cytosol triggers transcription 
of inflammatory genes and inflammasome-depen- 
dent proteolytic aaivation of caspase-1. Cytosolic 
DNA leads to the engagement of two conceptually 
distina signaling pathways involved in host immune 
responses. (A) Activation of IRF3, IRF7, and NF-kB 
leads to the transcriptional induction of type I IFN ov 
prò inflammatory genes, sudi as IL-6 and TNFcx. (B) 
Cytosolic DNA-driven inflammasome assembly via 
homotypic PYD:PYD and CARD:CARD interaaions 
leads to caspase-1 aaivation and subsequent proteo- 
lytic cleavage of pro-IL-ip and pro-IL-18 imo their 
biologically active, mature forms IL- 1 fi and IL- 18. In 
addition to cytokine processing, caspase-1 also medi- 
ates celi death under certain biological contexts. 
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Figure 4. Recognition of Cytoplasmic DNA and IFN Production 

Double-stranded DNA (dsDNA) accumulates in the cytoplasm after infection by viruses or bacteria or through failure to process endogenous DNA. The 
intracellular DNA is captured by HMGB1 and recognized by an unidentified cytoplasmic receptor or DAI. Alternatively, dsDNA is transcribed into dsRNA by 
polymerase III in a species- and celi type-specific manner. Generated dsRNAis recognized by RIG-I and production of type I IFNs is induced. Following DNA 
stimulation, an ER protein STING translocates from the ER to the cytoplasmic punctate structure, where STING colocalizes with TBK1 . 
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FIGURE 3. Cytosolic DNA sensors activate the transcription of type I IFN 
and other inflammatory genes. Cytosolic DNA of microbial or self-origin is 
a potent trigger of type I production via the STING-TBK1-IRF3 axis, 
as well as other prò inflammatory cytokines (e.g., TNFct and IL-6), by en- 
gaging NF-kB signaling. Distinct cytosolic DNA sensors along with their 
selea activating conditions are shown (these are discussed in detail in the 
text). The DNA-induced signaling pathway converges on the adaptor STING 
and the kinase TBK1, which phosphorylates IRF3 to mediate downstream 
signaling events leading to transcription al induction of inflammatory genes. 
Besides cytosolic DNA, bacterial small molecules c-di-AMP and c-di-GMP 
also act as potent stimulators of the type I IFN response by engaging STING 
either as a direct sensor or coactivator (discussed in text). Host cells use 
distina nucleases to eliminate both self and nonself DNA from extracellular 
space (DNase I), phagolysosomes (DNase II), and cytosol (DNase III; Trexl) 
to avoid deleterious effects of excess DNA-induced immune responses. 
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FIGURE 1. DNA in cytosol triggers transcription 
of inflammatory genes and inflammasome-depen- 
dent proteolytic activation of caspase-1. Cytosolic 
DNA leads to the engagement of two conceptually 
distina signaling pathways involved in host immune 
responses. (A) Activation of IRF3, IRF7, and NF-kB 
leads to the transcriptional induction of type I IFN or 
prò inflammatory genes, such as IL-6 and TNFol. (B) 
Cytosolic DNA-driven inflammasome assembly via 
homotypic PYD:PYD and CARD:CARD interactions 
leads to caspase-1 aaivation and subsequent proteo- 
lytic cleavage of pro-IL-ip and pro-IL-18 imo their 
biologically active, mature forms IL- 1 fi and IL- 18. In 
addition to cytokine processing, caspase-1 also medi- 
ates celi death under certain biological contexts. 
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FIGURE 2. Cytosolic DNA triggers inflammasome activation. Intracellular 
DNA following microbial infection or phagocyrosis of immune complexes can 
potentially trigger the assembly of either NLR (e.g., NLRP3) or PYHIN 
inflammasomes (AIM2 and IFI16). Upon activation, these cytosolic DNA 
sensors recruit the inflammasome adaptor ASC to aaivate caspase-1 , which leads 
to the processing of prò— IL- 1(3 and pro-IL-18 imo their biologically active 
forms. Notably, AIM2 and IFI16 bind direcdy to DNA via its C-terminal 
HIN200 domain and therefòre act as the true receptors for cytosolic DNA. 
However, the precise mechanism triggering Nlrp3 inflammasome assembly and 
whether microbial DNA is the ligand for Nlrp3 are stili unclear. Int eresti ngly, 
IFI16 inflammasome is thought to assemble inside the nucleus in response to 
Kaposi sarcoma associated herpes virus infection in endothelial cells. 




Fig. 4. Anti-viral recognition of viruses by PRRs in dendritic-cell populations. (A) Endosome-localized TLR3 and (B) the cytosolic virai sensors of 
the RLR family are well-known sensors for virai dsRNA in mDCs. Upon detection of PAMPs, RLRs will interact and transmit downstream signals 
through the MAVS signalosome, whereas TLR3 recruits TRIF/TICAM for both IRF3 and NF-kB activation. (C) The RNA helicase DHX9 and (D) the 
complex of three helicases DDX1-DDX21-DHX36 were identified as vital PRRs for recognition of virai dsRNA in mDCs. DHX9 works indepen- 
dently and pairs with MAVS for signal transduction upon detection. The DDX1-DDX21-DHX36 complex activates production of cytokines and 
pro-inflammatory cytokines through TRIF/TICAM — a common downstream adaptor with TLR3. (E) DDX41 was shown to have an essential role 
in detecting virai DNA in cDCs. This molecule signals through STING and activates IRF3 via TBK1. (F) In pDCs, endosome-localized TLR7 and 
TLR9 are well known for detection of virai RNA and DNA, respectively. (G) Two cytosolic DNA sensors in pDCs have been identified: DHX36 and 
DHX9. DHX36 detects cytidine-phosphate-guanosine -A (CpG-A) and recruits MyD88 as the downstream adaptor, transmitting through IRF7 
activation; DHX9 also recruits MyD88 upon recognition with cytidine-phosphate-guanosine -B and activates cytokine production through NF-kB. 





















Table 1 1 Inducers of type 1 IFNs and responding celle 


Inducer 


Source 


Receptor 


Localization 


Responding celi 


ssRNA.dsRNA 


Viruses 


r> i - — i ili > — , a. w~ 

RIC-land MDA5 


Cytoplasm 


Multiple celltypes 


Cytosolic DNA 


Viruses or bacteria 


STING. DAI and RNA 
polymerase III 


Cytoplasm 


Multiple celltypes 


dsRNA 


Viruses 


TLR3-TRIF 


Endosomes 


Macrophages. cDCs and 
epithelial cells 


LPS 


Gram-negative bacteria 


UR4-TRIF 


Plasma membrane 


Macrophages and cDCs 


Virai glycolipids 


Viruses 


TLR4-TRIF 


Plasma membrane 


Macrophages and cDCs 


ssRNA 


Viruses or damaged 
host cells 


TLR7-MYD88 


Endosomes 


pDCs, cDCs and 
macrophages 


Imiquimod 


Synthetic 


TLR7-MYD88 


Endosomes 


pDCs. cDCs and 
macrophages 


ssRNA 


Viruses 


TLR8-MYD88 


Endosomes 


cDCs 


CpC DNA 


Bacteria or viruses 


TLR9-MYD88 


Endosomes 


pDCs. cDCs and 
macrophages 



cDC. conventional DC: DAI. DNA-dependent actrvator of IRFs: DC dendritic celi: dsRNA. double-stranded RNA: IFN. interferon: 
LPS. lipopolysaccharide: MDA5, melanoma differentiation-associated gene 5: MYD8S. myeloid differentiation primary-response 
protein 88: pDC. plasmacytoid DC: RIC-I. retinoic-acid-inducible gene I: ssRNA, single-stranded RNA: ST1NG. stimulator of IFN 
genes: TLR. Toll-like receptor: TRIR TIR-domain-containing adaptor protein inducing IFNp. 



Recognition of DNA and DNA viruses by DNAsensors 




An unknown cytosolic DNA sensor or DAI activates NF-a B through activation of the IKK complex and IRF3 and IRF7 through TBK1/IKKL ER-localized STING induces the activation of NF-* B and 
IRFs. DNA virus infection and introduction of dsDNA activates the inf lammasome consisting of AIM2/ASC and NALP3/ASC respectively. The inflammasome converts inactive pro-caspase 1 into 
active caspase 1 for the maturation and production of IL-1£. Adenovirus infection directly or indirectly activates the NALP3 inflammasome. 



Cytoplasmic PRR 



I TLRs riconoscono i patogeni sia sulla superficie cellulare sia ali interno dei 
compartimenti lisosomiali o endosomali. Il sistema dei TLR non è quindi 
utilizzato per il riconoscimento di patogeni che hanno invaso il citoplasma. 

I patogeni intracellulari sono riconosciuti da vari recettori citoplasmatici, i quali 
attivano risposte effettrici. Ad oggi sono stati clonati svariati PRRs 
citoplasmatici che possono essere classificati in tre gruppi (e sottogruppi): 




1) "RNA helicases" (RLR) 

2) altre recettori citosolici 
(DNATkensors) 



IA p 

I 



Acidi nucleici (p.es. virali, 
batterici) 




3) Proteine NLR 
(NOD-LRR) 




componenti batterici 
e altri ligandi 



FIGURE 4-1 Cellular locations of 
pattern recognition molecules of the 
innate immune system. Some pattern 
recognition molecules of the TLR family (see 
Fig. 4-2) are expressed on the celi surf a ce, 
where they rnay bind extracellular pathogerv 
associated molecular patterns. Other TLRs are 
expressed on endosomal membranes and rec- 
ognize nucleic acids of microbes that have 
been phagocytosed by celi s. Celi s also conta in 
cytoplasmic sensors of microbial infection (dis- 
cusseci later in the chapter), including the NLR 
family of proteins, which recognize bacterial 
peptidoglycans, RIG-like receptors, which bind 
virai RNA, and plasma membrane lectin-like 
receptors that recognize fungal glycans. Cyto- 
plasmic receptors that recognize products of 
darnaged cells as well as some microbes are 
shown in Fig. 4-4. 
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Il PGN è un polimero composto da derivati polisaccaridici (N-acetilglucosamina e 
acido N-acetilmuramico) legati tra loro da legami peptidici. 

L'MDP è il liqando di NOD2 . Dato che il PGN sia di batteri Gram+ che Gram- 
contiene MDP, NOD2 funge da sensore generale per la maggior parte dei batteri. 

iE-DAP è invece il liqando di NODI . Visto che iE-DAP non è presente nei Gram+, 
NODI rileva esclusivamente batteri Gram-. 



Gram-positive bacteria 
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TABLE III NLR Ligands and Cellular Location 



NLRs 



Cellular 
localization 



Ligand or pathogen 



NODI (CARD4) Cytoplasm 



NOD2 
(CARD 15) 



Cytoplasm 



y-D-glutamyl-meso-diaminopimelic acid (iE-DAP) 
(a dipeptide) from Bacillus subtilis, Listeria 
monocytogenes, entropathogen (Escherichia coli), 
Shigella Flexneri, Pseudomonas aeruginosa, 
Chlamydia pneumoniae, Campylobacter jejuni 
and Helicobacter pylori 

Muramyl dipeptide (MDP) from Streptococcus 
pneumonia, Mycobacterium tuberculosis, Listeria 
monocytogenes, Salmonella typhimurium, 
Shigella Flexneri and Staphylococcus aureus 



NODI e 
NOD2 



N0D1 



iEDAP 



TRAF2/5? JRAF6? 



> Ub 



MDP 



RICK, 



# t/TAK1 



Ub r \ -, N0D2 
TAK1\> « R|CK 



CARD9 ' 



TAB2/3 TABI 
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\ \p38 
/ \ 

CX>> JNK ERK 

IKK» i IKKp ^ 



NEMO 




nucieus 



Curr&nt Opinion in Immunology 



NOD1/NOD2 actrvation and signaling. NODI and NOD2 sense 
peptktoglycan-derived motrfs in the cytosol and form a complex with 
RICK. K63-linked regulatory ublqurtination of RICK leads to the 
recrurtment of TAK1 . The actrvation and recruitment of TAK1 complex te 
RICK further recruits the IKK complex. The interaction between RICK 
and NEMO uftimatefy results in the activatbn of IKKs and MKK by TAK1 





Fig. 2. Mechanisms of NODI and NOD2 regulation of gut homeostasis. (a) NOD2 expressed in Paneth cells directs the secretion of antimicrobial peptides, such as b-defensins, 
which modulate the composition of the enteric microbiota. (b) Stimulation of CD103+ dendritic cells (DC) with NOD2 ligands results in IL- 1 0 production which promotes 
regulatory T cells responses. (c) NODl-dependent CCL20 is criticai for the development of intestinal lymphoid follicles. (d) NOD2 is important for maintaining the integrity 
of the epithelial barrier which if compromised results in increased bacterial translocation and thus more ILFs and Peyer's patches. Upon infection with a intestinal bacterial 
pathogen, (e) NODI and NOD2 are important for the early production of IL-6 and the induction of an innate Thl7 response, (f) while epithelial NOD2-dependent CCL2 is 
needed for the early recruitment of monocyte/macrophages to the site of infection. 
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Figure 3 | Genetic variants in IBD signalling modules. Schematic of 
selected signalling pathways involved in the maintenance of intestinal 
homeostasis, including epithelial junctional complex assembly, innate immune 
recognition of pathogen -associateci motifs, GPCRs and immune defence, 
anti-inflammatory interleukin-10 (IL-10) signalling, T H 1 7-cell differentiation, 
inhibitory pathways in lymphocyte signalling, and B-cell activation and 
IgA antibody responses. Proteins encoded by genes identified as being in 
linkage disequilibrium with IBD-risk SNPs (r 2 > 0.8) are highlighted in red 
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BCR, B-cell receptor; cAMP, cyclic AMP; EGFR, epidermal growth factor 
receptor; ERRFI L, ERBB receptor feedback inhibitor 1; Ga^, G protein 
subunit a 12 ; GPCR, G-protein-coupled receptor; HNF-4a, hepatocyte nudear 
factor-4a; LPA, lysophosphatidic acid; MDP, muramyl dipeptide; NF-kB, 
nuclear factor-KB; PI(3)K, phosphatidylinositol-3-OH kinase; PLA2G2E, 
phospholipase A 2 , group UE; PTGER4, prostaglandin E receptor 4; SCFA, 
short-chain fatty acid; SIAE, sialic acid acetylesterase, ssRNA, single-stranded 
RNA; TCR, T-cell receptor. 
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NOD = nucleotide-binding oligomerization domain CARD = Caspase-activating and recruitment domain ; RIC = retinoic acid-inducible 
gene ; NALP = NACHT-, LRR- and pyrin ; NLRC = NLR family Card containing ; NLRP = NLR family, pyrin domain containing ; NAIP = 
NLR apoptosis-inhibitory protein ; BIR = baculovirus inhibitor of apoptosis repeat. 
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Fig. 1. The major NLR domains in plants and animals. NB and NACHT (NOD), 
nucleotide binding domains; LRR, leucine rich repeats; TIR, Toll interleukin-1; CC, 
coiled coil; DD, death; BIR, baculoviral inhibition of apoptosis protein repeat; CARD, 
caspase recruitment; PYR, pyrin; TA, transactivation. 



Fij». 1 Mcmbcrs of the human 
NLR family. The known human 
NLR proteins arc depicted and 
grouped according to their 
N-terminal domains. Grouping 
NLRs according to their 
N-terminal domain, five distinct 
families can be identified: 
NLRA [A stands for AD (acidic 
activation domain)], NLRB 
[B stands for BIR (baculovirus 
inhibitor of apoptosis) domain], 
NLRC [C stands for CARD 
(caspasc recruitment domain)], 
NLRP (P stands for pyrin 
domain), and NLRX (X stands 
for domain with no strong 
homology to the N-terminal 
domain of any other NLR 
subfamily member) 



The human NLR family 



1 x NLRA 



1 x NLRB 



5 x NLRC 



14 x NLRP 



1 x NLRX 



Domains: 



S LRR (leucine-rich repeat) domain 
NBD (nucleotide-binding domain) 
AD (Acidic activation domain) 



i 



BIR (baculovirus inhibitor of apoptosis) 
domain 



| CARD (caspase recruitment domain) 
| Pyrin domain 



unrelated domain 



Table 1 



Human and mouse NOD-like receptors with synonyms and known agonists. Note that particular NLRs, such as Nlrpl have a number of 
paralogs (1a-1c) and are listed together. PGN, peptidoglycan; Gm+, Gram positive; Gm— , Gram negative; MDP, Muramyl Dipeptide; DAP, 
Diaminopimelic Acid. Lacks PYD domain in mouse orthologs. 



Family 


Human ortholog 


Mouse ortholog 


Selected agonists 


NLRA 


CIITA (MHC2TA, C2TA) 


CI Ita (C2ta) 


IFN-7 


NLRB 


NAIP 


Naip1-7 (Birci a-g, Naip-rs1-4B) 


Legionella and Flagellin (Naip5) 


NLRC 


NODI (NLRC1, CARD4, CLR7.1) 


Nodi (Nlrd , Card4) 


Meso-DAP (PGN from Gm-, Some Gm+, 








Mycobacterium) 




moro /mi oro PADnn; m pi ai i 
NUU^i (NLnU^i, OMnUIO, UU, dLAU, 


nou^i (Nirc^i, uaraioj 


MUr (rbN Trom bin+, brìi-, MycoDacTerium) 




IDUI, roUnno I, ULn ID.Oj 








mi Dr^ /Mnn^ pi dir o\ 


MlroQ. /PI P1R 9\ 






MI RP4 /IPAP PARH19 PI AM PI R9 1\ 


inIich- (.ifjdi, oarci oianj 


riageiiin, rseuaomonas, oaimonena, 








1 est-* tìl lo C h i /i 1 1 o 

Legionena, onigeiia 




NLnOò (NUDZf, OLKIb.l) 
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Basic mechaiiisms of activation of the mai n NLR inflaiiiniasomes. NLRP3 is activated by 
tliree common cellular events elicited by different stiinuli: potassium efflux; the generation 
of ROS ; and phagolysosomal destabilization and the release of endogenous mediators into 
the cytosol. NLRPlb is activated by antlirax lethal toxin. In the mouse. NLRC4 is activated 
by NAIP proteins bound to specific ligands. NAIP5 and NAIP6 bind to bacterial flagellin, 
whereas NAIP2 binds to the bacterial T3SS component PrgJ. These NAIP-ligand complexes 
subsequently bind and activate NLRC4. LF. lethal factor; PA. protective antigen. 
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The different NOD-like receptors (NLRs) involved in inflammasome assembly in a stimulus-dependent fashion are shown. a | When 
NALP3 (NACHT-, LRR- and pyrin-domain-containing protein 3) is activated by inflammasome inducers (such as potassium efflux- 
inducing agents, bacteria, toxins, bacterial RNA, gout crystais and trinitrophenylchloride (TNP)), a complex composed of NALP3, 
ASC (apoptosis-associated speck-like protein containing a CARD) and caspase-1 assembles, thereby activating caspase-1. b | 
Anthrax lethal toxin seems to activate NALPIb in mouse macrophages and perhaps uses ASC to recruit and activate caspase-1 . c | 
Francisella tularensis replication in the cytosol is detected by an unidentified NLR, which recruits ASC and caspase-1. d,e | 
Intracellular Legioneila pneumophila (d) and Salmonella typhimurium (e) are sensed by IPAF (ICE-protease activating factor) and 
NAIP5 (neuronal apoptosis inhibitor protein 5) for L. pneumophila and perhaps an additional NLR for S. typhimurium by a mechanism 
that might involve the detection of monomeric flagellin in the cytosol. The two versions of inflammasome assembly and activation for 
infections with L. pneumophila and S. typhimurium reflect the ability of ASC to nucleate assembly early on, but could be dispensable 
later during infection or in the presence of high numbers of bacteria. IL-1beta, interleukin-1beta; TLR, Toll-like receptor. 



Pathogenic bacteria 
Extracellular ATP 



Plasma 
membrane 




V 



NACHT 



NLRP3 



PYD 




LRR I 



ASC CARD 00 



Caspase-1 
(inactive) 



K+ efflux 
Reactive oxygen 
species 



NF-kB 




Endogenous crystals 

(MSU ? CPPD) 
Exogenous crystals 

(MSU, CPPD, Alum, 

Asbestos, 

Cholesterol) 
Virai DNA 
Muramyl dipeptide 



Pro-ll_1(3gene 
transcription 



Caspase-1 
(active) 




Pro-IU[3 



Nucleus 




FIGURE 4-4 The inflammasome. The activation of the NLRP3 inflammasome, which processes pro-l L-1 (3 to active IL-1, is shown. Inflam- 
masomes with other NLRP protei ns function in a similar wav. Pro-IL-1|3 expression is induced bv various PAMPs or DAMPs through pattern recognition 
receptor signaling, such as a TLR, as shown. CPPD, calci urn pyrophcsphate dihvdrate; MSU, monosodium urate. 
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Fig. 3. Role of cryopyrin (NLRP3) in the activation of Inflammasome and induction of IL-1(3 
secretion. TLR ligands, such as lipopolysaccharide (LPS), are the first signal for gene expression 
andsynthesisof the inactive IL-1p precursor(pro-IL-1(3). Following LPS stimulation, NLRP3oligo- 
merizes and becomes available for the binding of the adaptor protein ASC (apoptosis-associated 
specklike protein containing CARD). This association activates directly 2 molecules of caspase-1 
that, in turn, converts pro-IL-1p to the mature, active 17 kDa form. A second stimulus, such as 
exogenous ATP, strongly enhances proteolytic maturation and secretion of IL-1(3. 
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The inflammasome is activated in two steps. The first step is transcriptional and translational up-regulation of pro-forms of the cytokine (pro-IL-1>3, pro-IL-18) in response to various TLR, NLR and 
RLR agoniststhrough activation of NF-aB. In the second step, the inactive form of the cytokines is converted into a biologically active forni by the inflammasome. The ligands (described in the text) 
directly and indirectly (through an unknown sensor) induce the formation of various inflammasomes such as the NALP3 inflammasome, the IPAF inflammasome or the NALP1 inflammasome. In 
addition to ASC, the NALP3 inflammasome contains CARDINAL protein (the domain arrangement ofeach component is shown in the box labelled 'Components of inflammasome'. The inflammasome 
converts inactive pro-caspase 1 into active caspase 1, which induces celi death (in the case of NALP1 inflammasome) and/or converts pro-cytokines (inactive) into bioactive secretory cytokines. The 
NALP1 protein interacts with anti-apoptotic proteins such as Bcl-2 and Bcl-XL and inhibits caspase-1 -dependent celi death and production of IL-1 p and IL-18. 
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Fig. 3 The NLRP3 inflammasome. NLRP3 expression is the limiting 
factor in cells that can principally respond to NLRP3 activation. 
Stimulation of PRRs or cytokine receptors leads to the upregulation of 
NLRP3 expression and aLso induces pro-IL-l/^ expression (priming 
step). The activation of NLRP3 itself is distinct from this initial 
priming step. Three presumably distinct pathways have been postu- 
latcd that can lead to the activation of NLRP3 (activation step). Efflux 
of potassium, which is initiated by pore-forming toxins, membrane 
disruption, or ligand-triggered channels, leads to NLRP3 inflamma- 
some assembly by a yet-unknown mechanism. On the other hand, it 



has been shown that lysosomal disintegration, which leads to the 
leakage of lysosomal enzymes into the cytosol, can also trigger 
NLRP3 activation. The lysosomal protease cathepsin B plays a major 
role in this pathway, yet the direct link between cathepsins and 
NLRP3 activation hasn't been elucidated. Lastly, it has been 
demonstrated that production of reactive oxygen species (ROS), 
which can be triggered by numerous means, leads to the indirect 
activation of NLRP3 through the release of TXNIPfrom thioredoxin. 
TXNIP can then bind to NLRP3 




Figure 1. NLRP3 activation is mediateci by two signals. Microbial and cytokines provide signal 1 for pro-IL-1 induction 
and priming of the NLRP3 inflammasome via NF-B (A). Several stimuli (including viruses, bacteria, fungi, danger 
signals and particulate matter) and signaling pathways induce activation of the NLRP3 inflammasome (signal 2) in 
primed phagocytic cells (B). The role of ROS and TXNIP in NLRP3 activation is currently not well understood. 
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Figure 2 NLR activation by microbes, PAMPs and danger signals in mammalian cells. Microbes and 
their molecular constituents (blue ovai), as well as exogenous and endogenous danger-associated 
components (red ovai), are sensed by members of the NLR family. Microbial constituents, such as the 
PAMPs, peptidoglycan (PGN), flagellin and bacterial RNA (green ovai), are presented to the cytosol 
directly through release from intracellularly localized bacteria or are actively transported into host 
cells by type III or type IV secretion systemsfrom microbes residing extracellularly. After detection of 
PAMPs by NLRs or of danger signals such as potassium efflux and urie acid by NALP3 (gray ovai), the 
NLRs and NALP3 induce the activation of 'downstream' signaling that includes the NF-kB pathway 
(via RIP2), leading to an inflammatory response, and the caspase-1 inflammasome (yellow ovai), 
leading to the production of IL-lp and IL-18 and/or celi death. MDP, muramyl dipeptide. 
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Figure 3 

Multiple NALP3 inflammasome activators trigger cellular signals, such as potassium efflux and reactive 
oxygen species, tliat eventually acri va te an inflammasome dependent on caspase-1, ASC, and NALP3. Note 
that muramyl dipeptide (MDP) activation of caspase-1 may also require die NOD-like receptors NOD2 and 
Nj\LP1. (Abbrevi a tions: CPPD, calcium pjTophosphate dihydrate cn r stals; MSU, monosodium urate 
cry r stals; PAMP, pathogen-associated molecular pattern; U\\ ultraviolet light.) 
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de fi ned activating signal in a 
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experiment for the respective 
inflammasome component were 
considered. In this regard, 
NLRP3-activating signals that 
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priming component (signal I) 
but not their activating 
component (signal II) are not 
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Regulation of infiamma some s by microbial and endogenous products. Many bacterial and 
virai proteins inhibit inflammasome activation. Tlie poxvinis proteins M013 (incorna virus) 
and gp013L (Shope fibroma virus) inliibit transcription of the gene encoding IL-lp and bind 
ASC to limit inflammasome activation. Tlie poxvinis proteins CrmA. B13R. Serp2 and 
SPI-2 abolish the proteolytic activity of caspase-1 . Other microbial proteins that inliibit 
inflammasome activation include NS1 (influenza virus), p35 (bacillo virus), ExoU. ExoS (P. 
aemginosa) , YopE and YopT ( Y. enterocolitica), Zmpl (AI. tiiberculosis) , and MviN and 
RipA (K tiilarensis) . In contrasta endogenous POPs such as POPI and POP2 bind to the 
PYD of ASC and NLRs. respectively . and sequester them from the inflammasome complex. 
Similarly. endogenous COPs. such as COPI (pseudo-ICE). INC A, ICEBERG, caspase-12, 
and Nod2-S. bind to CARD of caspase-1 and sequester it from inflammasome activation. 




Regulation of the NLRP3 inflammasome . Type I interferon signaling attenuates NLRP3- 
and NLRPl-dependent IL-lp responses by two mechanisms (NLRP1 not shown here). EFN- 
a and IFN-p trigger the production of EL-10. which then acts on the cells in an autocrine 
and/or paracrine mamier to suppress the intracellular concentration of pro-EL-lp. Type I 
interferon signaling can also inhibit NLRP3- and NLRPl-mediated caspase-1 processing via 
an unknown mechanism. Autophagy regulates EL-ip production via the removal of damaged 
mitochondria. which are potent sources of ROS that drive NLRP3 activation. Additionally, 
autophagosomes sequester intracellular stores of pro-EL-lp and target it for degradation. 
Effector and memory T cells block NLRP3 and NLRP1 iirflaimnasomes via a cognate 



Fig. 2 Known inflammasomcs. 
The four known inflammasomes 
are depicted. NLRP1, NLRP3, 
and AIM2 ali indirectly recruit 
aixl thcrcby activate caspasc- 1 
through the bridging molcculc 
ASC. IPAF has bccn shown to 
activate caspase-1 independent 
of ASC, yet there are several 
reports that stress the 
requirement for ASC in thls 
process. Apart from this 
controversy, the exact role of 
NOD2 and caspase-5 in the 
NLRP1 inflammasomc has to be 
elucidated and the interaction of 
NAIP5 with NLRC4 also needs 
additional clarification 
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Activation of PYHIN iiiflaimnasomes. PYHIN iiiflammasomes (AIM2 and IFI16) bind 
directly to their ligand. DNA. The AIM2 inflaniinasome is activated by cytosolic dsDNA 
from DNA viruses and cytosolic bacteria: EF116 is activated by KSHV DNA in the nucleus. 
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Figure 5. 

Regulation of the AIM2 inflaimnasome. Binding of dsDNA by EFT202 (p202) and in some 
cases by IFIló can block AIM2 from gaining access to dsDNA. Additionally, LL-37, a 
human cathelicidin antimicrobial peptide. inhibits activation of the AIM2 inflaimnasome in 
psoriasis by fonning a complex with self DNA released from the dying cells in the 
inflammatory milieu. 
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